The aim of the present study was to quantitatively assess the physiological acute recoil after percutaneous coronary intervention (PCI), and to determine the relation between it and target lesion revascularization (TLR) in the chronic phase.
ercutaneous coronary intervention (PCI) is a widely accepted treatment for coronary artery disease, but postoperative restenosis is a major limitation. Intimal smooth muscle proliferation is the most important mechanism and is now targeted by drug eluting stents. 1 However, early elastic recoil because of the elastic properties of coronary arteries 2 may also play a significant role in the restenosis process. The mechanism of balloon dilation includes fissuring and disrupting the atherosclerotic plaque, stretching the vessels, etc and it is the stretching of the vessel that may be immediately followed by vessel recoil, resulting in as much as a 50% loss of the initial luminal gain. Several angiographic studies performed within 24 h of successful PCI have shown that early decreases in luminal diameter are predictive of subsequent restenosis, [3] [4] [5] indicating that in some patients the main part of the restenosis process occurs in the early phase. In the report by Daniel et al 3 the angiographic findings of recoil at 15 min after balloon dilatation were related to the restenosis. 3 Therefore detailed evaluation of the luminal changes in the first 15 min after balloon dilatation may enable precise prediction of restenosis.
The fractional flow reserve (FFR) was introduced by Pijls et al 6 and de Bruyne et al 7 as a quantitative index of the physiological severity of coronary stenoses and has been shown to be clinically useful for diagnostic 8 and interventional purposes. [9] [10] [11] The present study was performed to Circulation Journal Vol.70, October 2006 quantitatively assess the physiological acute recoil after PCI, using serial coronary pressure measurements, and to determine the relation between the physiological acute recoil and target lesion revascularization (TLR) in the chronic phase.
Methods

Study Patients
Between May 1997 and December 2001, 76 patients who underwent elective FFR-guided PCI (62 men, 14 women), and who had the FFR recorded immediately and at 15 min after final balloon dilatation took part in this study.
Balloon angioplasty was performed in 50 patients (plain old balloon angioplasty (POBA) group) and bare metal stent implantation in 26 patients (stent implantation (STENT) group). Thirty-two patients had an old myocardial infarction, and their target lesions were the infarct-related vessels. All patients received conventional drug therapy including aspirin. All procedures were approved by the ethics committee of Tokyo Medical University, and written informed consent was given by all patients.
Coronary Angioplasty
All patients had 10,000 IU of heparin administered intravenously after femoral arterial access was obtained. Coronary angioplasty was performed with 7Fr guiding catheters using standard techniques, and provisional stenting was performed. Once the operator determined that an optimal result had been obtained, FFR measurement was performed to evaluate the physiological severity of the dilated lesion.site, stent implantation was performed according to the operator's judgment. If not, the intervention was finished.
Coronary Pressure Measurements
A pressure guide wire (Pressure guide™, Radi Medical Systems) was advanced into the coronary artery through a guiding catheter and positioned across the stenosis. Simultaneous recording of aortic pressure and distal coronary pressure during hyperemia following intracoronary injection of papaverine hydrochloride (12 mg for the left coronary artery and 8 mg for the right coronary artery) was performed. FFR was calculated as the ratio of hyperemic mean distal coronary pressure to mean aortic pressure.
FFR measurements were performed just after the final dilation (FFR0m) and at 15 min after the final dilation (FFR15m). As the index of acute gain loss of lumen after intervention, we calculated the difference of FFR between FFR0m and FFR15m (dif-FFR ie, FFR0m -FFR15m (Figs 1,2) .
Clinical Follow-up
We defined the patients who needed repeat PCI (ie, TLR) by new onset or aggravation of angina during the follow-up period, or positive results for ischemia on noninvasive stress testing (stress thallium scintigraphy, treadmill test or stress echocardiography) during follow up. The follow-up period was at least 6 months.
Statistical Analysis
All data are expressed as mean ± SD. Statistical analysis was performed using Student's t-test or chi-square test where appropriate to analyze differences between groups. Receiver operating characteristic curve (ROC) analysis was performed to establish the best threshold value of dif-FFR predictive for TLR. The contribution of factors resulting in TLR was evaluated by multivariate analysis using stepwise logistic regression. Statistical significance was 
Results
Patient Characteristics
The clinical characteristics of all patients enrolled in this study are summarized in Table 1 . There were no cases of sudden cardiac death, acute myocardial infarction or congestive heart failure during follow up. TLR was required in 15 patients (30 %) from the POBA group and 4 (15%) from the STENT group.
FFR After Intervention (Fig 3)
The FFR just after intervention (FFR0m) was 0.86±0.08 in the POBA group and 0.88±0.06 in the STENT group. FFR15m was 0.85±0.08 in the POBA group and 0.87±0.07 in the STENT group. Table 2) POBA Group There was no significant difference in the FFR0m of POBA patients with and without TLR. Change in the FFR in the first 15 min after intervention was not observed in patients without TLR, whereas it decreased in patients with TLR. The dif-FFR was significantly larger (p<0.001) and FFR15m was significantly lower (p<0.001) in patients with TLR compared with patients without TLR.
Serial FFR Changes and TLR (Fig 4,
STENT Group There was no significant difference in FFR0m and FFR15m in the STENT patients with and without TLR. Although acute deterioration of FFR after intervention in the STENT group was minimal, the dif-FFR tended to be larger (p=0.07) in patients with TLR compared with patients without TLR.
Predictive Value of Dif-FFR for TLR
An optimal cut-off value of dif-FFR shown by the ROC analysis curve for the prediction of TLR with high specificity was 0.05 (Fig 5) . The predictive accuracy of this cut-off value was adequate, with an area under the ROC curve of 0.87. Using this value, patients were divided into 2 groups: low dif-FFR group (dif-FFR <0.05, n=65) and high dif-FFR group (dif FFR ≥0.05, n=11). All STENT group patients had dif-FFR <0.05. Of the POBA group patients, the high dif-FFR group had significantly higher rate of TLR than the low-FFR group (92% vs 13%, p<0.01, Table 3 ). In addition, the TLR rate in the low-FFR group was equivalent to that in STENT group patients. Multivariate analysis indicated the dif-FFR was an independent predictor of TLR in the chronic phase (Table 4) .
Multivariate logistic regression analysis used a model that included dif-FFR, 15m-FFR, smoking habit, which were the variables that were found in univariate analysis to have marginal association (p<0. 95% confidence intervals are presented in Table 4 . Dif-FFR was the strongest independent predictor of TLR.
Discussion
Restenosis is a major problem after successful PCI. Although bare metal stent implantation reduces the restenosis rate by preventing recoil of the vessel, it does not prevent the neointimal hyperplasia that develops by another mechanism of restenosis. Recently, a drug-eluting stent that inhibits neointimal hyperplasia has been developed, but it has some problems related to an adverse effect of the antiplatelet medicine and unknown long-term thrombotic events. Thus careful selection of patients for the drug-eluting stent is absolutely necessary. In this study we investigated the clinical utility of quantifying the acute recoil after PCI with serial FFR measurements. Daniel et al reported that recoil after PCI occurred within the first 15 min after dilation, as evaluated by coronary angiography (CAG), and that acute recoil predicts chronic restenosis. 3 However, detailed evaluation of recoil by quantitative coronary angiography (QCA) can be difficult, whereas FFR may enable more precise evaluation of the degree of recoil. In the present patients in whom the FFR deteriorates more than 0.05 in the first 15 min after the final dilation, TLR was required more frequently. Early recoil is believed to be a major factor in restenosis in the chronic stage and in the POBA group, FFR tended to deteriorate more in the first 15 min compared with the STENT group, which suggests that acute recoil occurs more readily after POBA.
Deterioration of FFR alos occurred in some patients in the STENT group and we consider that this reaction was not caused by recoil of the stent itself, but rather was a reaction of the peri-stenting vessels, protrusion of plaque into the stent, or minimum recoil of a stent that had weak radial force. In this series of patients the mechanism could not be clarified. However, patients undergoing TLR had a higher dif-FFR, indicating that deterioration of the FFR has an implication even in stent procedures. In addition, a rise in the FFR in the first 15 min was noted in 6 of 26 cases of stent implantation. It was thought that the vasospasm associated with stent implantation relaxed in the first 15 min and this finding did not relate with TLR and was thought to be uneventful.
The following variables may have some impact on the chronic results, namely the pre-FFR that indicated stenosis before PCI, FFR0m, which has been reported to be a predictive value of TLR, 11 and FFR15m in which stenosis could appear as a consequence of recoil. However, dif-FFR, which expressed the degree of acute recoil, predicted TLR most powerfully. We evaluated acute recoil within 15 min, but it may progress and deterioration of the FFR in the first 15 min might indicate the course of recoil, and thusn the degree of recoil is more important for predicting TLR than FFR15m. Previous reports showed the significance of FFR after PCI for predicting restenosis. Although FFR was measured at the end of the all procedures in those studies, the exact time after final balloon was not given. In general, the measurement was done after final dilatation, angiography from multiple angles, intravascular ultrasound etc. Measurement immediatley after balloon dilatation was thought to be difficult to perform and in the present study FFR0m was invalid for predicting restenosis, whereas FFR15m predicted restenosis. This result suggests some time needs to elapse after balloon dilatation in order to obtain a predictive FFR value.
It is possible to evaluate recoil using QCA, as done in previous studies, but FFR may be superior in determination and quantification of the degree of recoil. We reported that Tables 1,2 .
Receiver operating characteristic curve analysis showed an optimal cut off value of difference between fractional flow reserve (FFR) just after percutaneous coronary intervention (PCI) and FFR 15 min after PCI for the prediction of target lesion revascularization of 0.05 (sensitivity 53% and specificity 98%). the serial change in FFR was able to show the progress of dissection after PCI that was not apparent on CAG. 12 FFR indicates the degree of patency of the lumen at a point in time as resistance, and thus is superior for quantification. In addition, FFR is not easily influenced by hemodynamics and heart contractility, 13 and so is easy to use in simple quantification of lumen patency compared with coronary flow velocity reserve, which is another functional index.
Study Limitations
Follow-up CAG was not performed for all patients. Thos who were considered negative for ischemia by non-invasive stress testing in the chronic phase and did not have subjective symptoms, were judged as negative for clinical events without performing CAG. Angiographical restenosis could not be detected by this method, but it was thought sufficient as a clinical evaluation of the necessity of retreatment. On the other hand, if only the CAG findings were taken account in the judgment of re-treatment, some lesions that were not causing ischemia may be re-treated. Because the evaluation of FFR at the end of PCI was a functional method, a judgment based on the non-invasive stress testing at chronic phase, which is also a functional method, will be appropriate.
FFR is not easily influenced by hemodynamics, but if there is disturbed coronary blood flow, such as no-flow because of peripheral emboli after PCI or severe impairment of the microvasculature, the FFR value can be overestimated. In that situation, there must be a high index of suspicion for the FFR value, but fortunately we did not have a case of no-flow after PCI.
In the present study the cut-off value of dif-FFR was 0.05. Because that value is small, an error of measurement, such as a linear shift of the recorded pressure wave or the influence of s wedged guiding catheter etc, would affect the value of dif-FFR and therefore verification of the obtained value might be important.
The process of re-stenosis may consist of acute recoil and neo-intimal hyperplasia, but we evaluated only the acute recoil. This index cannot indicate neo-intimal hyperplasia, and thus all restenosis processes are not predicted.
Conclusions
The changes in FFR during the time course shortly after coronary intervention can be detected and a decrease in the first 15 min after PCI is associated with a higher rate of TLR.
